Abstract: A compact planar multiband antenna for 3G/4G mobile terminals is presented. The proposed design consists of a Sierpinski Gasket fractal geometry perturbed according to a Particle Swarm optimization (PSO) strategy in order to operate in advanced wireless services (AWS-1, 1710-1755 MHz, 2110-2155 MHz) and worldwide interoperability for microwave access (WiMAX, 3300-3600 MHz) bands. Numerical and experimental results assess the effectiveness of the proposed prototype in its multiband operations fitting the project constraints.
Introduction
Nowadays, the rapid diffusion of applications and services based on wireless communications requires the integration of multiple standards into mobile handsets. Portable devices like smartphones and tablets are required to deal with even more multi-standard services for voice, data, and digital multimedia transmissions. Toward this end, the Federal Communications Commission (FCC) released unlicensed frequency bands for advanced wireless services (AWS) to stimulate new scenarios in modern third-generation (3G) handheld communications [1] . The AWS-1 bands are one of the highest frequencies allocated to-date by the FCC and dedicated to cell-based wireless communications. They are divided in a lower and an upper sub-band for uplink (1710-1755 MHz) and downlink (2110-2155 MHz) channels [2] , respectively.
In conjunction with AWS, the IEEE802.16 standards, also referred as to Worldwide Interoperability for Microwave Access (WiMAX), offer a great flexibility for the development of large-scale wide area network (WAN) services ensuring worldwide compatibility and an accelerated diffusion of broadband metropolitan area networks [3] . Thanks to some recent updates providing higher data rates [4] , WiMAX is widely considered a key-part of the fourth-generation (4G) wireless communication technologies. According to the spectrum allocation, the 3.5 GHz band is the most heavily allocated band that represents the largest global market of broadband wireless access (BWA).
From the antenna design perspective, the coexistence of those standards needs the design of compact and multiband antennas of easy fabrication and integration, small size, low cost, and high efficiency. Towards this end, many synthesis approaches and antenna solutions have been proposed [5, 6, 7, 8] .
Among the state-of-the-art solutions, planar inverted-F antennas (PIFAs) provide multiband operations [9, 10, 11, 12] with reduced sizes. However, they often present a narrow bandwidth [13] because of the small distance between the ground plane and the radiating patch. Monopole antennas also received a great interest for an efficient integration of the radiating component in small portable devices, but additional branch structures are usually necessary to yield a multiband behavior [14, 15] . Alternative techniques have been also proposed to obtain multiple resonances with a single monopole antenna. They range from the insertion of chip inductors to switch the electrical length [16] up to the control of helical inductance [17] or shorting pins [18] . Besides the hardware complexity, a quite common drawback of these solutions is still the narrow bandwidth related to the antenna size, which is usually constrained by the size of the external case of the portable device.
Concerning the issue of the antenna size reduction, fractal shapes have been widely investigated [19, 20, 21, 22, 23, 24] since they also constitute a reasonable solution for yielding a multiband behavior thanks to the selfsimilarity and space-filling properties. The Sierpinski gasket is one of the most extensively studied fractal reference shapes and it is an excellent candidate for the synthesis of multiband radiators. More specifically, it consists of a series of scaled triangles having a scale-factor ratio of 2 with electrical properties that translate into a log-periodic spacing of frequency bands. Changing the scalefactor produces a perturbed version of the fractal shape and the spacing among resonances can be controlled thus breaking the log-periodic property.
According to those indications, this paper considers a perturbation of the Sierpinski gasket reference shape to achieve a good impedance matching and proper radiation characteristics in the AWS-1 (1710-1755 MHz and 2110-2155 MHz) and WiMAX (3300-3600 MHz) frequency bands.
The outline of the paper is as follows. The antenna design is described in Sect. II, while Section III shows a selected set of numerical and experimental results for assessing the efficiency of the arising prototype. Final conclusions are reported in Sect. IV.
Antenna design
The reference geometry for the antenna at hand is shown in Fig. 1 . It consists of a single fractal-shaped radiating element connected to a microstrip feeder and a coplanar ground-plane on the backside of the substrate. The Sierpinski gasket shape has been set to the third fractal iteration in order to obtain a suitable multiband behavior and fit the impedance matching requirements over the three considered bands [AWS-1 uplink (1710-1755 MHz), AWS-1 downlink (2110-2155 MHz), and WiMAX (3300-3600 MHz)]. Additional details about the frequency allocations of AWS and WiMAX services are reported in Table I . In order to tune the three antenna resonances, the reference geometry has been perturbed according to the PSO-based strategy described in [25] . More specifically, the antenna trial solutions have been modeled as particles of the PSO swarm that cooperatively explore the solution space through suitable modifications of the following set of geometrical descriptors Â ¼ w ant ; h ant ; w ðhighÞ feed ; w ðlowÞ feed ; h feed ; h gnd ; l k ; k ¼ 1; . . . ; 12
As pictorially detailed in Fig. 1, l k ; k ¼ 1; . . . ; 12 are the segment lengths that univocally define the third-iteration Sierpinski fractal. It has to be noticed that the size, the position, and the orientation of the Sierpinski triangles are implicitly controlled by simply acting on the segment lengths. Moreover, h gnd is the height of the ground plane, which is constrained to be smaller than the height of the microstrip line h feed . In order to match the impedance of the feed line to the Sierpinski-shaped radiating structure without any additional matching element, the upper and lower widths (w ðhighÞ feed and w ðlowÞ feed , respectively) of the trapezoidal microstrip line have been optimized during the PSObased synthesis process. As for the size of the antenna, user-defined limits have been imposed on the height (h ant < H max ) and the width (w ant < W max ) of the dielectric support in order to achieve an effective integration in portable devices.
As for the user-defined constraints, the impedance matching conditions have been expressed in terms of the following inequalities on the scattering parameters and H is the Heaviside function [HðÃÞ ¼ 1 if Ã ! 0, and HðÃÞ ¼ 0 otherwise]. At each n-th iteration of the iterative PSO-based optimization process, the trial swarm solutions have been numerically evaluated and the corresponding values of the scattering parameters determined by means of a method of moments (MoM) electromagnetic simulator [26] . The iterative process has been stopped whether n ¼ N (N being the maximum number of iterations) or n ¼ n conv such that Ã Â n ð Þ < conv , conv being a user-defined numerical convergence threshold.
Numerical and experimental validation
The optimized antenna geometry shown in Fig. 2 has been numerically obtained after n conv ¼ 78 iterations of the iterative strategy when setting the PSO control parameters according to the suggestions given in the reference literature [27] and using R ¼ 8 trials solution (population size), a convergence threshold conv ¼ 10 À4 , and a maximum number of iterations equal to N ¼ 200. For additional details on the PSO algorithm and its convergence properties please refer to [28, 29] . The resulting antenna prototype is then identified by the following geometrical descriptors: w ant ¼ 54:2 mm (width of the antenna support) and h ant ¼ 46:7 mm (height of the antenna support), w ðhighÞ feed ¼ 3:6 mm and w ðlowÞ feed ¼ 4:7 mm (microstrip line widths), 4.6 mm (microstrip line length), and h gnd ¼ 2:4 mm (ground-plane height). For the sake of completeness, the optimal values of the Sierpinski parameters are summarized in Table II. As far as the experimental validation is concerned, the impedance matching and the radiation patterns of the antenna at hand have been measured in an anechoic chamber. Towards this end, an antenna prototype has been built with a photo-lithographic printing circuit technology by using an Arlon substrate (" r ¼ 3:38 and tan ¼ 0:0025) of thickness 0.78 mm. The prototype has been fed with a coaxial cable through a 50 + SMA connector mounted on the antenna support and interconnected to the microstrip feed line (Fig. 2) .
Dealing with the numerical assessment, Fig. 3 shows the simulated and measured behaviors of the s 11 ðfÞ j j within the frequency range f 2 ½1500 Ä Fig. 2 . Photograph of the fabricated antenna prototype: (a) front and (b) back view. 4000 MHz. As it can be observed, there is good agreement between simulations and experiments, and the antenna fits the project requirements on the electric performance (i.e., the impedance matching) within the considered frequency bands. The multiband behavior of the Sierpinski fractal shape is also confirmed from the analysis of the surface current distributions at the three center-band frequencies f 1 ¼ 1727:5 MHz, f 2 ¼ 2127:5 MHz, and f 3 ¼ 3500 MHz (Fig. 4) . As expected and clearly shown by the vectorial representation of current magnitudes and directions in the picture, the first resonance is related to the longest paths along the external borders of the first-iteration Sierpinski triangle [ Fig. 4(a) ], while the smaller triangles related to the second and third fractal iterations turn out to be involved [ Fig. 4(b) and Fig. 4(c) ] as the frequency increases to generate the combinations of shorter current paths controlling the higher resonances. As far as the radiative behavior of the antenna is concerned, the threedimensional radiation patterns has been numerically evaluated at f 1 , f 2 , and f 3 . The graphical visualization in Fig. 5 points out the typical donut shape of a standard dipole antenna. The approximately omni-directional radiation along the horizontal plane is only slightly perturbed at the highest resonance. Of course, the simulated data carefully matches the measured ones as pointed out by the two-dimensional cuts along the orthogonal planes ( ¼ 90 and and within a satisfactory tolerance, the measured gain mostly agrees with the simulated one, although some mismatches are present because of the ohmic losses of copper cladding at high frequency and the inherent error of the measurement systems.
Conclusions
In this paper, the well-known multiband properties of fractals have been exploited to design a compact tri-band antenna suitable for AWS and WiMAX wireless standards. The Sierpinski gasket shape has been adopted as reference geometry and three fractal iterations have been used for tuning the resonance frequencies according to the project guidelines. The geometrical parameters of the antenna have been perturbed according to a PSO strategy in order to obtain the desired performance in terms of impedance matching and radiation patterns. Towards this end, a suitable cost function has been minimized for the identification of the optimal solution. The assessment of the synthesized radiator has been conducted both numerically and experimentally to confirm the suitability of fractal geometries for the design of small and multiband antennas as well as the reliability of the synthesis process. The analysis outcome is that the proposed antenna is a valid solution for the integration of advanced wireless services and WiMAX in 3G and 4G mobile devices.
